ABSTRACT: Binding of IgG antibodies to Entodinium spp. in the rumen of sheep (Ovis aries) was investigated by adding IgG, purified from plasma, directly into the rumen. Plasma IgG was sourced from sheep that had or had not been immunized with a vaccine containing whole fixed Entodinium spp. cells. Ruminal fluid was sampled approximately 2 h after each antibody dosing. Binding of protozoa by a specific antibody was detected using an indirect fluorescent antibody test. An antibody titer in the ruminal fluid was determined by ELISA, and the concentration of ruminal fluid ammonia-N and ruminal pH were also determined. Entodinium spp. and total protozoa from IgG-infused sheep were enumerated by microscopic counts. Two-hourly additions of IgG maintained a low antibody titer in the rumen for 12 h and the binding of the antibody to the rumen protozoa was demonstrated. Increased ammonia-N concentrations and altered ruminal fluid pH patterns indicated that additional fermentation of protein was occurring in the rumen after addition of IgG. No reduction in numbers of Entodinium spp. was observed (P > 0.05). Although binding of antibodies to protozoa has been demonstrated in the rumen, it is unclear how much cell death occurred. On the balance of probability, it would appear that the antibody was degraded or partially degraded, and the impact of this on protozoal populations and the measurement of a specific titer is also unclear.
INTRODUCTION
An immunological approach to defaunation, with the ultimate aim of increasing wool growth in sheep, was investigated by administering vaccines containing antibodies to Entodinium spp. or mixed rumen protozoa (Williams et al., 2008) . In vitro evaluations of the various specific protozoal antibodies raised in the sheep demonstrated that the antibodies were able to bind to and reduce numbers of their target protozoa. However, there was no reduction in total protozoal numbers in vivo. The authors suggested that insufficient specific IgG was produced in the saliva and consequently delivered to the rumen to reduce ruminal protozoal numbers (Williams et al., 2008) .
A better understanding of the factors that affect antibody-protozoa binding in the rumen and amounts of antibody needed for immobilization and/or death of protozoa in the rumen will provide information needed to select effective vaccine antigens. Such factors are likely to include how rapidly and effectively the antibody binds to ruminal protozoa and how long antibodies are effective for, and remain in, the rumen.
The aim of this experiment was to deliver a specific antibody to the ruminal fluid so that an excessive amount of antibody was present for an extended period to give the best possible chance of protozoa being bound by the specific antibody. The hypotheses were that 2-hourly doses of antibody would result in some unbound antibody being present in the ruminal fluid throughout the dosing period and that the added antibody would bind to the protozoa in the ruminal fluid.
MATERIALS AND METHODS
This experiment was reviewed and approved by the Commonwealth Scientific and Industrial Research Organization Western Australia Animal Experimentation Ethics Committee and performed in accordance to the Australian code of practice for the care and use of animals for scientific purposes (NHMRC, 2004) .
Collection of Plasma and Purification of Immunoglobulin G for Ruminal Dosing
Plasma containing antibodies against Entodinium spp. cells, for an Antiprotozoal treatment, was obtained from sixty 2-yr-old Merino wethers which had been injected 7 times over 12 mo with a vaccine formulation containing whole Entodinium spp. cells (Williams et al., 2008) . Blood was collected 4 and 8 wk after the third and seventh vaccinations. Plasma for a Control treatment was obtained from thirty-nine 3-yr-old Merino wethers that had not been vaccinated with the antiprotozoal formulation.
The sheep were weighed the day before each blood collection. At each blood collection, 10% of the animal's estimated circulating blood volume (60 mL/kg live weight; Morton et al., 1993) was withdrawn by syringe via a jugular catheter using a 14 gauge by 38 mm needle. Blood was put into 10-mL tubes containing 50 μL of 5,000 IU in 5 mL heparin sodium (Cottman Australia, Balcatta, WA, Australia) and 1 g of Quick spin beads (Scot Scientific, Welshpool, WA, Australia). Blood was centrifuged at room temperature for 15 min at 2,000 × g and the plasma was poured off and bulked. Plasma was stored on crushed ice until frozen at -20°C.
The IgG was purified from sheep plasma using ammonium sulfate precipitation (Lam and Mutharia, 1994; Hay et al., 2002) but with the incorporation of a 20% (vol/ vol) ammonium sulfate cut, developed in our lab, which allowed for the removal of contaminating nonimmunoglobulin proteins while retaining high activities of specific IgG (unpublished data). For the initial 20% cut, three-and-threefourths parts of saturated (NH 4 ) 2 SO 4 solution (pH 7.0; 4.02 M) was slowly added to 15 parts of serum while stirring at 4°C, leaving a final concentration of 20% (NH 4 ) 2 SO 4 . Stirring continued for 2 h. The precipitate, which contained nonimmunoglobulin proteins, was sedimented by centrifugation (10,000 × g for 15 min at 4°C) and discarded.
To precipitate the IgG, the retained supernatant had six-and-one-fourth parts of saturated (NH 4 ) 2 SO 4 solution slowly added to it, while stirring at 4°C, leaving a final concentration of 40% (NH 4 ) 2 SO 4 . Stirring continued for 2 h. The precipitate was then sedimented by centrifugation (10,000 x g for 15 min at 4°C) and the supernatant was discarded. The pellet was resuspended in 6 parts PBS and then centrifuged (10,000 x g for 15 min at 4°C) again to remove any insoluble protein. Two parts of saturated (NH 4 ) 2 SO 4 solution was slowly added to the supernatant to make a 40% saturated solution. The precipitate (IgG) was sedimented by centrifugation (10,000 x g for 15 min at 4°C) and then resuspended in 1 part PBS. The IgG was dialyzed overnight against PBS (3 changes of 300 parts) at 4°C until the salt concentration was equal to that of PBS. The IgG was centrifuged (10,000 x g for 15 min at 4°C) to remove any precipitate. A 1.5-mL sample of each preparation (Control and Antiprotozoa) was frozen (-40°C) for ELISA analysis. The IgG was mixed with PBS to obtain a pourable consistency resulting in 3,600 mL of each IgG solution available for the experiment.
Experimental Design, Animals, and Management
Twelve rumen-fistulated, 2-yr-old Merino wethers weighing (mean ± SE) 44.7 ± 1.32 kg were randomly assigned to 1 of 2 ruminal IgG dosing treatments, "Control" and "Antiprotozoal," in a completely randomized design with 6 sheep per treatment. Sheep were housed in individual pens (1.4 by 0.8 m) with slatted floors and fed a chopped oaten (Avena sativa) hay diet (63% in vitro DM digestibility, 95% OM, 6% CP, 57% NDF, and 32% ADF), which also contained 2% multielement mineral mix (Siromin; White et al., 1992) . Samples (200 g) of feed were collected twice weekly for nutritive analyses.
To standardize rumen conditions between animals, sheep were offered their feed (1,060 g DM) at 1730 h for 3 h. At 2030 h, any uneaten feed was removed and recorded. Sheep acclimatized to the restricted feeding over a period of 20 d and had continuous access to water. On d 21 and 22, ruminal contents were sampled between 0500 to 1700 h to collect covariate information. On d 23, 200 mL of purified IgG was added to the rumen at 0500 h and a further four 100-mL doses were then poured directly into the rumen, per fistlula, at 0700, 0900, 1100, and 1300 h. Access to water was denied during sampling periods (0500 to 1700 h) on d 21 to 24 to reduce variability in rumen outflow rates between animals (Warner and Stacy, 1968) .
Rumen Fluid Sampling, Processing, and Storage
Samples of ruminal contents were collected by inertial pumping through the fistula using an acrylic pipe. Samples were immediately measured for pH, divided into subsamples, and stored for other analyses. On d 21 to 24, 30 mL of ruminal contents were collected every 2 h between 0500 and 1700 h, inclusive, and preserved for ammonia-N determination and visual counting of protozoa. On d 23 and 24, samples for ELISA were also collected every 2 h between 0500 and 1700 h, inclusive, with additional samples on d 23 collected every 15 min from 0515 to 0615 h, inclusive. On d 23, an extra 100 mL of ruminal contents was collected at 0515 and 0615 h and every 2 h from 0700 to 1700 h, inclusive, for isolation of protozoa for the indirect fluorescence antibody test (IFAT).
To preserve the ruminal fluid for determination of ammonia-N concentration, approximately 5 mL of fluid was added to a tube containing 1 mL 0.1 N HCl. The acidified sample was then centrifuged (3,000 × g for 15 min at 4°C) and the supernatant was stored at -40°C. To preserve protozoa in the ruminal fluid for visual counting, 1.5 mL of fluid was added to 15 mL of 1% formalin and the samples were stored at room temperature. Protozoa were counted by light microscopy at 100x magnification with a Sedgewick-Rafter counting chamber (Whitlock & Co., Eastwood, NSW, Australia) of 1 mL volume (Boyne et al., 1957; Dehority, 1984) . Specific details are described by Skillman et al. (2006) . To preserve ruminal fluid for determination of anti-Entodinium spp. antibodies, 1.5 mL of fluid was stored at -40°C.
Isolation of Protozoa from Rumen Contents and Determination of Antibody Binding
Entodinium spp. were concentrated using 250-mL separating funnels and washed using 30 and 10 μm Nitex (Sefar Pty Ltd., Blacktown, NSW, Australia) synthetic woven monofilament mesh (Williams et al., 2008) .
Antibody-protozoa binding in the rumen was determined using an IFAT similar to that described by Duarte et al. (2003) . Glass microscope slides were coated with a 1:10 dilution of 0.1% poly-l-lysine, to increase adherence of the protozoa to the slides, and left to dry overnight in a laminar flow cabinet. To each slide, three 25-μL aliquots (i.e., approximately 5,000 cells) of isolated protozoa preparation were added, and each aliquot was immediately circled with a liquid-repellent, slide marker pen to create a hydrophobic barrier. Three control slides (1 negative control and 2 positive controls) were also prepared using Entodinium spp. cells that had been isolated from nonvaccinated sheep.
Once fully dried, slides were washed in a PBS and Tween 20 (0.05% vol/vol) solution and washed a second time in PBS and left to dry. An aliquot (0.25 mL) of PBS was added to the sample slides and negative control slide. The Antiprotozoal IgG preparation was diluted to an ELISA titer concentration of 2,000 units/ mL and then the Control IgG preparation was diluted by the same volume. These diluted preparations were added (0.25 mL) to the positive control slides. All slides were incubated at 39°C for 1 h in a humidity box and then washed twice with PBS. Slides were then incubated again with 0.2 mL fluorescein isothiocyanate (1:80 dilution in PBS) and then washed twice in PBS. Antibodybound protozoa were counted using epifluorescence on a Leitz Aristoplan microscope (Ernst Leitz Wetzlar GmbH, Wetzlar, West Germany) with a K3 filter block (excitation 470-495 nm and emission 515 nm [green]) under a 25x objective, with 100 to 400 protozoa counted per sample. Only protozoa completely exhibiting bright green fluorescence were deemed positive.
Laboratory and Statistical Analyses
Methods for determining in vitro DM digestibility, ash concentration, total N, NDF, and ADF of feed samples are the same as those described by Williams et al. (2008) . Specific anti-Entodinium spp. IgG antibody concentrations in the ruminal fluid were determined by ELI-SA analysis (Wright et al., 2004; Williams et al., 2008) . The starting dilution for the rumen fluid was 1:4, which was serially diluted to 1:16,384. Ruminal fluid ammonia-N concentration was determined by colorimetric quantification (USEPA, 1983) on a Technicon Autoanalyser II S.C. colorimeter (Technicon, Dublin, UK).
Statistical analyses were undertaken using GenStat Release 14.1 (VSN International Ltd., Hemel Hempstead, UK). The effect of addition of antibody on the proportion of protozoa bound in the ruminal fluid was analyzed by repeated measures ANOVA. Data required transformation (square root) to normalize residuals. The effects of infusion treatment on average daily DM intake and ruminal fluid variables (pH, ammonia-N, and number of protozoa) were analyzed by ANOVA using covariate data. Least significant differences were used to determine significance between individual means. Simple linear regressions were fitted to the relationship between ruminal fluid pH and time of day on the 4 d of measurement.
RESULTS
The Antiprotozoal IgG dosing solution contained approximately 5 times more specific titer than the Control dosing solution (Table 1 ). There was no detectable specific titer in Control-dosed sheep after any of the IgG doses (Fig. 1) . The specific IgG titer declined rapidly in the ruminal fluid of Antiprotozoal-dosed sheep during the first 45 min after the initial dose of IgG (Fig. 1 ). There were detectable specific titers in only 2 of the 6 Antiprotozoaldosed sheep at 1500 h and in only 1 sheep at 1700 h. By 0500 h the following day, there was no detectable specific titer in any of the Antiprotozoal-dosed sheep.
There was a treatment × time interaction (P < 0.001) for the percentage of Entodinium spp. bound to the specific IgG antibody in the ruminal fluid. Fifteen and 75 min after the first dose of IgG and 2 h after the last (fifth) dose was added to the rumen, there were more Entodinium spp. bound to the specific IgG antibody in the Antiprotozoaldosed sheep ruminal fluid compared to in the ruminal fluid of the Control-dosed sheep (Table 2) . However, there was no difference between the treatments in the number of Entodinium spp. bound to specific antibody 2 h after the second, third, and fourth dose of IgG.
There was no difference (P > 0.05) in feed intake, average daily ruminal fluid pH, ruminal fluid ammonia-N concentration, or numbers of Entodinium spp. between the 2 IgG dosing treatments, which averaged 800 g DM/d, 6.5, 36.7 mg/L, and 4.09 × 10 5 cells/mL, respectively. Entodinium spp. made up over 99% of the total rumen protozoa in the ruminal fluid.
There were marked differences in the diurnal patterns of rumen pH and ammonia-N on d 23 compared with d 21, 22, and 24 (Fig. 2) . The strong linear relationships (P < 0.05, R 2 > 0.8) between pH and time that existed in the majority of sheep on d 21, 22, and 24 were not present on d 23.
DISCUSSION
The aim of this experiment was to deliver a specific antibody to the ruminal fluid so that there was an excessive amount present for an extended period to give the best possible chance of protozoa being bound by the specific antibody. In this case, "excessive" was defined as the presence of a specific titer in the ruminal fluid, which is a measure of free, unbound antibodies. If there were always free antibodies present, then the lack of antibodies should not be the limitation to achieving a high proportion of bound protozoa. Two-hourly antibody dosing did maintain a low concentration of an unbound, specific antibody in the rumen for up to 12 h (0500-1700 h), which satisfied our first hypothesis.
The greater proportion of antibody-bound Entodinium spp. that were extracted from the rumen of Antiprotozoaldosed sheep, compared with Control-dosed sheep, at some of the sampling times confirmed that binding of the specific 3 ns = not significant, P > 0.05.
*P < 0.05. IgG to the target protozoa had occurred in the rumen. The differences in proportions of cells bound between the initial large IgG dose and the 4 subsequent smaller doses are consistent with the differences in dose size. The binding percentages also suggest very little carryover of antibodyprotozoa complexes from 1 sample time to the next, which suggests the binding may be short lived, either due to death of the protozoa cell or degradation of the antibody so it loses its functionality. Gnanasampanthan (1993) reported that purified sheep IgG was relatively resistant to proteolysis in ruminal fluid during the first 4 h of incubation and that the antigen binding function of the immunoglobulin was preserved for a considerable time in ruminal fluid, at least long enough to interact with ciliated protozoa in the rumen. It should be noted, though, that the ruminal fluid used in the study by Gnanasampanthan (1993) was defaunated to avoid premature binding of the antibody to ciliate antigens and may not represent true in vivo conditions.
There is a real possibility that some of the dosed IgG was wholly or partially degraded in the rumen. The rapid rise in rumen ammonia-N concentration observed after additions of IgG indicates there was additional protein degradation occurring in the rumen, above what was usually occurring, and the change in the ruminal fluid pH pattern, from one that gradually climbed over the day to one that decreased during the IgG dosing period, indicates that additional acid products were produced. The IgG solutions did contain ammonium sulfate but not in concentrations that would have produced such a large increase in ruminal fluid ammonia-N ion the day the solutions were added to the rumen. The concentrations of ammonia-N measured were similar to those observed when sheep and cattle eat highly digestible grass Waghorn et al., 1989) , which contains a higher CP concentration than oaten hay and has a high potential and rate of degradability of proteins (Beever and Siddons, 1986; Cohen, 1997) . The impact that the degradation has on the function of the IgG and the results obtained in this study are unclear. Although protozoa-antibody binding was observed in vivo, it is unknown how much, if any, cell death or immobilization was occurring. It is also difficult to observe effects of antibody binding on rumen protozoa due to their sensitivity to oxygen.
The experiment presented here shows that plasma antibodies raised to Entodinium spp. in sheep binds to the protozoa in the rumen. However, it is unclear how much cell death occurred. On the balance of probability, it would appear that the antibody was degraded or partially degraded, and the impact of this on protozoal populations and the measurement of a specific titer is also unclear.
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